Quantitative detection of left ventricular segmental wall motion abnormalities by any modality depends on the reference system used because of the dynamic geometry of contraction and cardiac motion within the thorax. To assess the feasibility and accuracy of quantitative analysis of left ventricular wall motion by two-dimensional echocardiography, we studied 61 subjects with the use of 44 different reference methods in each of three echocardiographic views: the parasternal short-axis view at the levels of the mitral valve and of the papillary muscles and an apical four-chamber view. The three major groups of reference systems used were those with a fixed external reference, a floating reference correcting for translation, and systems correcting for both translation and rotation. In the first part of this study the end-diastolic and end-systolic outlines of 20 normal subjects were stored in a computer and composite data of these 20 subjects were plotted to obtain a 95% confidence interval for measured normal fractional change for each reference method. In the second part of the project an additional prospective group of 10 normal subjects and a group of 31 "abnormal" patients had their left ventricular wall motion analyzed by similiar methods and the results were compared with all the confidence intervals. One reference method was selected for each two-dimensional echocardiographic view based on the highest sensitivity and specificity found by statistical analysis; a floating-reference system including translation was found to be optimal for the apical four-chamber and parasternal shortaxis views at the level of the mitral valve and a fixed external reference system was optimal for the short-axis view at the papillary level. The percent fractional shortening of radial dimensions (radial methods) and the percent fractional change in area measurements (area methods) during the cardiac cycle were also calculated at 5, 10, 20, 30 and 45 degree intervals around the outline perimeter for each subject according to each of the 44 different methods. Area methods yielded the same specificity and sensitivity as radial dimension analysis methods at 5 to 45 degree intervals. Ten normal subjects underwent repeat echocardiography within 2 days of their first study to examine day-to-day variation.
reference system.13 During the cardiac cycle the whole heart shifts and rotates within the thorax. In addition, some segments of the heart contract more than others,2 and respiratory variation contributes to passive motion of the heart. Parisi et al. 13 14 have reported their experience with two reference methods, a fixed external and a floating-reference system including translation and rotation of the systolic outline onto the diastolic outline. Three different parameters of segmental wall motion were used: hemiaxis shortening, perimeter contraction, and regional area shrinkage. In the first part of this study we chose to develop a computerized system for quantitative analysis of wall motion by examining a very large number of reference methods for two-dimensional echocardiography and applying them to a normal adult population. In a second step of the study each reference method was evaluated by testing data from patients with heart disease and additional normal subjects against each reference system to define the sensitivity and specificity of each. We also assessed percent fractional shortening of radial dimensions and percent fractional change in area measurements at various intervals. The reproducibility of wall motion from day to day was examined in 10 normal subjects with the use of both percent radial fractional shortening and percent area change at variable degrees of subdivision of the contour.
Methods

Study groups
Background normal population. Twenty-three asymptomatic normal subjects were chosen from among hospital personnel, three of whom were excluded because of suboptimal echocardiographic images. Of the remaining 20 subjects (21 to 59 years old) nine were men and 11 were women and none had evidence of cardiac disease by history or physical examination. "Abnormal" group. A total of 37 patients were initially entered into the study but six were excluded because of echocardiographic images of suboptimal quality. The remaining 31 patients (26 men and five women, 17 to 70 years old) had known coronary artery disease or idiopathic dilated cardiomyopathy. Eleven patients had evidence of previous inferior myocardial infarction on their electrocardiograms, 10 patients had evidence of previous anterior myocardial infarction on their electrocardiograms, and 10 patients had idiopathic dilated cardiomyopathy as determined by history, physical examination, and cardiac catheterization; angiographic examination verified that six of the latter had normal coronary arteries. Four patients in the inferior myocardial infarction subgroup, four patients in the anterior myocardial infarction subgroup, and five patients in the myopathy subgroup had previously undergone left ventricular angiography as well. Informed consent was obtained from each patient before the echocardiographic study.
Prospective normal group. Twelve additional normal subjects who were volunteers with no history of cardiac disease and with normal physical examination results, blood pressures, and echocardiograms, were entered into the study. Two subjects were excluded because of suboptimal image quality. Ten re-Vol. 70, No. 2, August 1984 maining subjects, 22 to 38 years old (seven men and three women), constituted this group. The group was selected from among hospital personnel. Data acquisition. Three standard echocardiographic views were obtained: the parasternal short axis at the level of the mitral valve and of the papillary muscles and an apical four-chamber view. All echocardiographic recordings were obtained during held midexpiration to eliminate cardiac motion due to respiration. In the parasternal short-axis views the image plane was perpendicular to the left ventricular long axis and in the apical four-chamber view foreshortening of the left ventricle was avoided. '5 A lead II electrocardiogram and a phonocardiogram were simultaneously recorded and displayed on the sector image. The sector scanner used was a commercially available Hewlett-Packard 77020A with a 2.5 MHz transducer. The two-dimensional echocardiographic recordings were made directly onto a 3/4 inch U-matic tape recorder and were later transferred to a videodisk. The videodisk was chosen to allow for high-resolution stop-frame images and so that the images could be reviewed accurately and easily frame by frame in forward or reverse slow motion or real-time speed to optimize recognition of myocardial borders. The echocardiographic image from the videodisk was played back through a time-base corrector and mixed with a character overlay from a Hewlett-Packard MXF 1000 minicomputer. The image was then displayed on a video monitor. A light pen connected to this video monitor and interfaced with the computer allowed the user to outline the left ventricular endocardium in end-diastole and end-systole directly on the video monitor. End-diastole was defined as the frame nearest the peak of the electrocardiographic QRS complex and end-systole was defined by the phonocardiographic second heart sound. The coordinates of the endocardial tracings were stored permanently in the computer and could be retrieved for later analysis.
Analysis of data
Establishment of normal wall motion curves for different reference methods. The software supporting this system registered the x and y coordinates of the outline (200 points/outline) and stored them in memory. In addition, a distance calibration scale at one edge of the image was also entered in memory to serve as a fixed external reference line. Because we wanted to register overall motion of the heart we marked a point outside the left ventricle but within the heart on the end-diastolic and end-systolic frames. In our four-chamber view, this index point was the junction of the tricuspid leaflet and the interventricular septum and in the short-axis views it was the endocardial junction of the right ventricular free wall and inferior portion of the interventricular septum (figure 1). The light-pen tracing was always begun at a given point, the "start point," for each view. This point was the medial junction of the mitral valve and the left ventricular endocardium in either the apical four-chamber or parastemal short-axis view and it was the medial junction of the medial papillary muscle and the ventricular myocardium in the short-axis view (figure 1). The center of mass for each of the outlined figures was calculated. To allow compensation for possible rotational movements of the heart when the end-systolic and end-diastolic contours were aligned, several different radii were identified. One such radius was the long-axis radius, which was defined for each view. In the four-chamber view the longest radius from the center of mass to the endocardial apex was recognized as the long axis. The long axis in the short-axis views was defined as the line connecting the most anterior point in the endocardial tracing with the center of mass. Other rotational alignments were made along the radii connecting the center of mass and the start point or the index point. We built a separate software analysis package for 44 individual methods of APICAL reference using all practical statistical combinations of the traced outlines, index points in the right heart, start points, calculated center of mass, the long-axis radius and the two above-defined radii (rotational alignment) both for end-diastole and end-systole, and the fixed calibration scale. This was done to avoid bias in the choice of reference system tested. A detailed description of the reference methods is presented in the Appendix. There were three major categories of reference methods: (1) those with fixed external reference system, (2) those realigning the end-diastolic and end-systolic contours only by translation of one outline over the other by superimposition of a point such as the center of mass, and (3) those realigning the contours for both translation and rotation by superimposition of a radius such as the long axis (figure 2). In the fixed external reference systems the fixed calibration scales were superimposed but contained no realignment of the drawn outlines before extension of radii from either the end-diastolic or end-systolic center of mass. Fractional shortening (or lengthening) along each radius during the cardiac cycle or fractional change in the area contained between radii was calculated. Sampling intervals or radii at 5, 10, 20, 30, and 45 degrees were considered. For radial methods the radius R`connecting the center of mass in endsystole with a given reference point on the outline of the cavity was subtracted from the corresponding end-diastolic radius (Rd) and then divided by Rd and multiplied by 100. For area methods the area between the outline of the endocardial margin and the two hemiaxes defined by the specific angular interval was calculated for end-systole and subtracted from the corresponding end-diastolic area and the difference was divided by the enddiastolic area and multiplied by 100. The mean value + 2 SDs of fractional change for each radius or the area for all 20 normal subjects was plotted vs radius location to create a 95(4 confidence band for normal segment motion. as illustrated in figure 6.
Testing of sensitivity and specificitv of different reference methods. In the parasternal short-axis views eight segments were identified at each level according to the standards of the American Society of Echocardiography.* In the apical fourchamber view the ventricle was divided into four segments: the *Henrv W: Personal communication. septum, apex, lateral wall, and mitral valve plane. Each patient with heart disease and each of the 10 normal subjects in the prospective group underwent tracing of the left ventricular endocardium in end-diastole and end-systole and the tracing was stored permanently in the computer. These tracings were later retrieved and wall motion was analyzed by each of the 44 methods. The results of these analyses were compared with the confidence interval obtained with data from the 20 normal subjects, the confidence interval being derived with the corresponding reference method ( figure 3 ). The search for the optimal reference method for each echocardiographic view was conducted in two steps. In the first, a computer program created a histogram that plotted the number of subjects whose endocardial outlines fell at least 15 degrees outside the 95% confidence limits from the background normal population against results obtained with each of the 44 reference systems ( figure 3 ). Hence, in the quantitative system, tracings were compared primarily to results obtained with a totally objective system, e.g., the normal confidence intervals. The reference methods with FIGURE 3 . Schematic diagram illustrating the comparison of the 95% confidence interval with data from normal subjects and patients (abnormal subjects) for each reference method. A histographic analysis provided the first step of the selection of an optimal reference method in which data from each patient and prospectively studied normal subject was compared with those from the original normal population. A histogram identified the number of subjects from each group that fell outside the 95% confidence interval for each reference system. Only the patient comparison is shown on the diagram. No = normal; AB = abnormal; 4c = apical four-chamber view.
which both the highest number of abnormal patients were correctly identified and the highest number of normal subjects were correctly recognized were selected as the optimal reference methods.
Because the histograms identified a tracing as abnormal but could not be used to determine if a segment was abnormal, a second stage of evaluation was performed. (The histograms also indicated that several methods were equally accurate in recognizing normal and abnormal subjects correctly in each view.) We therefore chose 19 methods for further examination. Ten methods from the apical four-chamber view were used, five methods from the short-axis papillary view were used, and four methods from the short-axis mitral valve view were used. In this second stage data from each subject identified as abnormal or normal by the 19 methods chosen were reviewed and compared with those from a comprehensive qualitative echocardiographic assessment of the left ventricular wall motion made by two experienced observers (I. S. and R. L. P.) without knowledge of the results from the quantitative analysis. Although such a qualitative echocardiographic analysis cannot serve as a "gold standard," it seemed an appropriate modality to use for comparison.
We elected not to consider either the 12-lead electrocardiograms, available in all subjects, or the left ventricular cineangiograms (right anterior oblique projections) obtained in 13 patients for comparison with the results of quantitative Vol. 70, No. 2, August 1984 echocardiographic analysis. However, in the case of a discrepancy between quantitative and qualitative results with regard to location or severity of an abnormality, electrocardiograms and angiograms were reviewed for further information. For the qualitative analysis eight octants were identified in the shortaxis views and in the apical four-chamber view four segments were identified that corresponded to the same segments in the qualitative analysis. Each segment was judged to be normal, hypokinetic, akinetic, or dyskinetic. A score system then was developed according to the following: perfect match between computerized tracing and qualitative assessment in localization and severity of an abnormality or identification of normality, 5 points; complete mismatch, 0 points; increasing match between qualitative and quantitative assessment, 1 to 4 points.
Each of the reference methods initially chosen in stage 1 was given a score in stage 2 and the reference method in each view with the highest score was chosen as the "best" method. Sensitivity and specificity as well as positive and negative predictive values for that method were calculated.
Statistical analysis. Sensitivity, specificity, and positive and negative predictive values were calculated with the use of the binary table.16 These statistical parameters were calculated by comparing the results from the quantitative and the qualitative echocardiographic analyses.
Radial and area methods. The computerized system for storage, retrieval, and analysis of the endocardial tracings allowed us to analyze the contours obtained by any given reference method using percent fractional shortening of radial dimensions (radial methods) spaced variably at 5, 10, 20, 30, or 45 degree intervals. Similarly, these contours could be cut up for analysis by percent fractional change in area measurements (area methods) variably segmented over the degree intervals listed above. The abnormal and prospective normal tracings were compared with the 95% confidence intervals obtained with corresponding degrees of radial or area subdivision from the background normal population. Sensitivity and specificity with increasing sampling intervals were determined for both radial and area methods.
Reproducibilitv. Ten of the 20 normal "background" subjects underwent a repeat study within 2 days of their first study to examine day-to-day variation. The echocardiographic images were traced by the same person on both days and the mean percent contraction of all segments in a given echocardiographic view was calculated separately for each individual on these 2 days. Their tracings were compared with the normal band of the optimal reference system created from data from the 20 normal background subjects. Reproducibility was also reviewed for radial and area methods at variable subdivisions of 5 to 45 degrees to evaluate possible effects of changing the size of area segments or the frequency of radial sampling.
Results
Background normal population. The absolute values and range of myocardial contraction varied markedly among reference systems for a given view and among different views for a given reference system ( figure 4 ). The 95% confidence interval fell below the line representing zero contraction at several points for many reference methods. However, this was not surprising since the 44 different reference methods were generated from statistically possible combinations of index points, start point, rotation along an axis, etc. The range of contraction varied from area to area for any Apical 4-Chamber View Parasternal Short Axis (P) FIGURE 4 . The normal band varied markedly from one reference method to the next and from one view to the next. A typical normal band is illustrated here for one method each from the three different groups of reference methods. Left, The apical fourchamber view; right, the short-axis papillary view. Top, Fixed external method; middle, translation method; bottom, translation and rotation method.
given reference method. The use of fixed external reference systems led to a wider normal band than did translation methods. Methods including translation and some methods including both translation and rotation along the long axis yielded the narrowest bands. Use of a few methods including translation and rotation along other axes resulted in bands as wide as, or wider than, those for fixed external reference methods (figure 4). The normal bands at the mitral valve level were all wider than the bands in the papillary and apical fourchamber views for corresponding reference methods. Abnormal group. Thirty-one patients had adequate recordings from all of the three echocardiographic views. Quantitative computer analysis revealed abnormal motion on 27 tracings in the apical four-chamber view, 21 tracings in the parastemal short-axis view at the papillary level, and 15 tracings at the mitral valve level. Corresponding qualitative echocardiographic assessment of left ventricular wall motion revealed 28 patients with one or more abnormal segments in the apical four-chamber view, 22 patients with one or more abnormal segments in the short-axis papillary view, and 20 patients with one or more abnormal segments in the short-axis mitral valve view. Results of assessment of left ventricular wall motion by quantita-246 tive and qualitative analyses were in close agreement (table 1) . Detailed review of the discrepancies in determinations of location or severity of an abnormality was carried out.
In the apical four-chamber view one patient had normal wall motion by quantitative analysis, showed apical akinesis on qualitative analysis, and an electrocardiogram revealed inferior Q waves. In three subjects there was discrepancy in the exact location of the abnormality as determined by qualitative and quantitative analysis; in one patient the electrocardiogram supported the qualitative assessment and in the other two the electrocardiogram indicated abnormalities in a region different from that identified by either the quantitative or qualitative analysis. None of these four patients had undergone cineangiography previously.
In the short-axis papillary view one patient with dilated cardiomyopathy had normal wall motion by quantitative analysis but showed hypokinesis of five segments by qualitative analysis. Angiography was not performed in this patient and the electrocardiogram did not contribute to the diagnosis (atrioventricular pacemaker). In four subjects there was a discrepancy between the quantitative and qualitative assessments of the location of abnormality. One patient with dilated cardiomyopathy had hypokinesis of one segment by The sensitivity, specificity, and positive and negative predictive values are tabulated for the optimal reference method selected for the apical four-chamber view, short-axis papillary muscle level view, and the short-axis mitral valve view at 5 degrees radial fractional shortening. A total of 41 subjects are included. quantitative analysis and hypokinesis of all segments by qualitative analysis. An angiogram was not obtained and the electrocardiogram was not helpful in this patient (atrioventricular pacemaker). In the remaining three subjects, all with coronary artery disease, the electrocardiograms supported the results of the qualitative rather than the quantitative analysis.
Cineangiograms were not available for any of the three.
In the mitral valve view five patients had normal wall motion by quantitative analysis but abnormal wall motion by qualitative assessment. In three of these five subjects (all three with congestive cardiomyopathy) the quantitative analysis showed borderline normal wall motion curves in the segments in which qualitative analysis revealed hypokinesis of the same segment(s). Cineangiograms showed "global diffuse Vol. 70, No. 2, August 1984 hypokinesis" in two of these patients and a cineangiogram was not obtained in the third. Electrocardiograms did not contribute to the diagnosis in ahy of the three cases. In the remaining two of these five patients (with coronary artery disease), whose tracings were normal by quantitative but abnormal by qualitative analysis, the electrocardiograms indicated damage to the same area as indicated by qualitative analysis. In the mitral valve view in one patient with coronary artery disease there was a discrepancy in the location of an abnormality as determined by quantitative and qualitative analyses, but the electrocardiogram was not helpful and an angiogram was not available.
Prospective normal group. In the apical four-chamber view seven of the 10 subjects were normal by quantitative analysis. In the short-axis papillary view nine subjects were quantitatively identified as normal and in the short-axis mitral view all 10 were quantitatively identified as normal. All 10 subjects had normal qualitative wall motion in all three views. Statistical analysis. The sensitivity, specificity, and positive and negative predictive values of the optimal reference methods chosen with the use of fractional shortening of radial dimensions at 5 degree intervals are presented in table 1 for the three echocardiographic views.
In the apical four-chamber view the optimal reference method was a method that included correction for translation ( figure 5, A) . In the short-axis papillary view the optimal method was a fixed external reference method without translation or rotation ( figure 5, B ). In the short-axis mitral valve view the optimal method was the same as for the apical four-chamber view, i.e., it included correction for translation only (figure 5, C). The normal bands for these methods in the three echocardiographic views are plotted in figure 6 in detail.
Radial vs area methods at varying degrees of subdivision.
With increasing sampling intervals there was a clear tendency toward smoothing of the wall motion curves (figure 7) both with radial and area methods. However, the sensitivity and specificity did not change appreciably with decreasing subdivision for either the radial or area method and there was no difference between radial and area methods within the subdivisions tested.
Reproducibility. Ten normal subjects underwent repeat studies within 2 days of the first. In each case the wall motion curve could vary significantly from day to day. Relatively few subjects had superimposable curves. In figure 8 the wall motion curves of two such normal subjects are plotted against the normal band obtained with the reference method chosen as most optimal by sensitivity and specificity determinations FIGURE 5. a, The optimal reference method selected for the apical four-chamber view included correction for translation of the end-systolic outline onto the end-diastolic outline, matching the diastolic center of mass with the end-systolic center of mass. The start point for dividing the ventricle into segments was at the insertion of the anterior mitral valve leaflet to the septum in end-diastole. b, The optimal reference method selected for the short-axis papillary view was a fixed external method, i.e., the end-systolic contour was not moved relative to the end-diastolic outline before analysis. The starting point for dividing the ventricle into segments was along the radius connecting the end-systolic center of mass and the junction of the medial papillary muscle and inferoseptal wall for end-diastole and end-systole, respectively. c, The optimal reference method for the short-axis mitral valve view included correction for translation with superimposition of the end-diastolic and end-systolic contours, matching the centers of mass. The starting point for dividing the ventricle into segments was the insertion of the anterior mitral valve leaflet to the septum.
for the apical four-chamber view. For the optimal radial method the average difference in mean contraction from. day to day was 7% in the four-chamber view, 9% in the short-axis papillary view, and 7% in the shortaxis mitral valve view. However, in individual cases the average difference in mean contraction from one day to the next could vary from 4% to 16%. For the optimal area method the average difference between day 1 and day 2 was 9% for the apical four-chamber view, 13% for the short-axis papillary view, and 10% for the short-axis mitral view. In individual subjects the average difference in mean contraction could vary from 5% to 22%. The normal mean contraction by 248 radial methods ranged from 22% to 24% for the three echocardiographic views across the entire spectrum of subdivision from 5 to 45 degrees. When area methods were computed, normal mean percent contraction ranged from 38% to 42% across the spectrum of subdivision from 5 to 45 degrees. Increasing the sampling interval from 5 to 45 degrees and using the radial method did not lead to a noticeable alteration in the average variation from day to day. In area methods the average difference in mean contraction was higher than for radial methods, but again it did not change considerably with increasing intervals. However, as a fraction of overall change from day to day, the ratio was slightly lower for area methods (0.20 to 0.33) compared with radial methods (0.28 to 0.41). These values were derived from all three echocardiographic views.
Discussion
In quantitative wall motion analysis it is important to establish a normal 95% confidence interval for individual comparison of abnormal and normal subjects, since it has previously been shown that the mean radial fractional shortening varies significantly in different segments of the normal heart.) Therefore, wall motion of a possibly abnormal subject has to be compared, segment by segment, to motion in a normal population.
We found a wide variation in the 95% confidence bands for normal wall motion, depending on which reference method was used. Use of fixed external reference methods led to generally wider bands than use of translation methods. Translation methods as a whole yielded the narrowest bands, probably because repositioning of the end-diastolic and end-systolic contours smoothed out the differences in contraction from one area to the next. The translation and rotation methods with the narrowest bands were those in which the left ventricle was rotated along its long axis. Some reference methods resulted in bands falling below 0% fractional change. The optimal reference methods ultimately chosen were those for which the 95% confidence intervals fell below the line of zero in very limited areas (figure 6). Systolic cavity expansion presumably does not occur in normal subjects. However, due to either echocardiographic dropout and/or inaccuracies in tracing this may occur. We elected not to exclude such tracings from normal subjects from the analysis since the same potential problems are present when prospective patients are examined. Pandian et al.'9 also found one segment of systolic thinning and three segments indicating systolic increase in cavity segment area (out of 456 segments analyzed). They elected to exclude these from . Three graphs illustrating in detail the percent fractional shortening along each radius at a sampling interval of 5 degrees for the optimal reference method chosen for A, the apical four-chamber view; B, the short-axis papillary view; and C, the mitral valve level. their analysis. Motion of the heart within the thorax may lead to the appearance of systolic increase in some segments in a fixed external reference system also. Normal wall motion is different in different echocardiographic views. All 95% confidence bands in the short-axis mitral view were wider than in the other two views. A potential difficulty in this view is correct recognition of the endocardial borders of the inferoposterior and anteroseptal walls because in these regions the anterior and posterior leaflets of the mitral valve can be mistaken for the endocardium, especially when viewed in a stop frame. Also, for a given view, it is interesting to note the difference in contraction in one area compared with in an adjacent area. In an angiographic study Klausner et al.2 also found that mean radial fractional shortening varied significantly in different segments of the normal heart, with the smallest change in the apical area. In two-dimensional echocardiography this regional difference in contraction may depend on technical difficulties in identifying the endocardium in some parts of the image, but also may represent true differences in contraction from one area to another. Pandian et al. 19 observed a noticeable variation in contraction among adjacent segments in the parasternal short-axis view, with different segments of the ventricle reaching peak contraction at Vol. 70, No. 2, August 1984 different points in the cardiac cycle. Since we examined only one frame in systole (end-systole), we may have missed the peak contraction of some segments.
Selection of appropriate reference methods has always been a difficult and confusing issue. We were not surprised to find different reference methods were optimal for different echocardiographic views. Ingels et al. 20 have shown cardiac motion to be different in different parts of the heart because the apex rotates counterclockwise, the middle segment moves very little, and the basal segments rotate clockwise. We found the optimal reference method for the apical four-chamber view was a floating system including correction for translation only; two other methods were not vastly different from the method chosen. One of these included translation only and one used correction for both translation and rotation along the left ventricular long axis. Nevertheless, when correction for rotation was done, we failed to detect a few patients with qualitatively obvious abnormalities in the apical septum. In the mitral valve view, a second floating system also including correction for translation only was found to be equal to the method chosen. The amount of rotation in the mitral valve view was small, a mean of approximately 5 degrees, and one method that compensated for translation and rotation was nearly as good as the one chosen. In the short-axis papillary view, a fixed external method was found to be the best. This midventricular segment seems the fulcrum for the torsion noted above. Cardiac motion in this segment is mostly due to concentric contraction without much translation or rotation of the heart.20 The fixed external reference method chosen was clearly superior to all the other 43 reference methods tested in this view. Since the reference system optimal for the apical four-chamber view was the same as for the short-axis mitral valve view, we examined the possibility of the use of this translation method for the short-axis papillary view also. Although sensitivity and specificity in identifying normality and abnormality for this translation method were similar to those for the fixed external reference method chosen, the translation method was very inaccurate in correctly localizing the abnormality in 52% of the cases. This inaccuracy was especially pronounced in the infarct group and was less pronounced in the cardiomyopathy group.
Our results suggest the apical four-chamber view is the most sensitive (96%) in recognizing an abnormality, but that it has the lowest specificity (69%). In all 250 four subjects with normal wall motion and contours outside the 95% confidence interval the deviation from this interval occurred in the apical or apicolateral area. This is generally a difficult area to assess qualitatively and quantitatively, both because of difficulties in visualizing this region of the image9 and because of generally poor endocardial definition as resolution deteriorates laterally. 15Therefore, a small isolated abnormality in the apex or apical portion of the lateral wall should be interpreted cautiously. The short-axis papillary view, in which the whole endocardial circumference was often visualized, had both good sensitivity and specificity. In the short-axis mitral valve view sensitivity was 75%. Of the five patients in whom quantitative and qualitative results were discrepant and in whom quantitative analysis in this plane showed normal wall motion three had qualitatively abnormal septal and anteroseptal wall motion. One patient had hypokinesis of the inferior wall and one patient had global hypokinesis. The discrepancy in the results in these five patients may not have resulted from a falsenegative quantitative analysis, but simply from "overreading" of the wall motion by qualitative analysis. Day to day variation FIGURE 8. Wall motion curves from the apical four-chamber view for two normal subjects on day 1 and day 2 compared with the 95% confidence interval of the optimal reference method in the apical fourchamber view. Although all curves are within the normal confidence intervals, one individual had significant variation in contraction from day to day, while the other had almost superimposable wall motion curves. The y axis is percent fractional shortening (% FS). The bottom tick-mark represents 0% FS and the top tick-mark represents 40% FS.
The normal band for each of the reference methods in the mitral view was wider than for the corresponding papillary view. What the eye may interpret as hypokinesis for a given patient may actually be within the normal limits when objectively compared with values from the background normal population. The specificity for this view was very good.
Parisi et al. '3' 14 found, in their examination of shortaxis parasternal echocardiographic views, that a fixed rather than a floating-axis system localized segmental contraction defects more satisfactorily. However, only one method each using a fixedor floating-reference system was examined. Also, their method of tracing the image onto acetate paper overlying the video image instead of using an interactive computer light-pen system may have produced another source of variability in their evaluation of left ventricular wall motion refer-Vol. 70, No. 2, August 1984 ence systems. The sensitivity, specificity, and predictive accuracy found in the study of Parisi et al. for the fixed-axis reference method with area shrinkage of octants was 95%, 89%, and 92%, respectively. These statistical parameters were derived from comparison of results of quantitative echocardiographic analysis and electrocardiograms and cineangiograms combining all 17 segments from two parasternal short-axis views and including one segment from an apical view. Our results are therefore not exactly comparable to theirs since our statistical analysis was based on the comparison of qualitative and quantitative echocardiographic analyses for each of the three different views. Nevertheless, the results are similar. Grube et al. 18 examined one fixed external reference method and an internal floating method in the apical four-chamber and in the apical two-chamber views. They also found a floating method superior in these apical views.
In our quantitative analysis of abnormality comparison was primarily made to the previously established normal band, since results of qualitative echocardiographic analysis, electrocardiography, or cineangiography cannot be used as a sure standard for comparison. However, to generate the statistical parameters we chose to compare results of comprehensive qualitative echocardiographic assessment of wall motion and those of quantitative analysis. We wished to at least standardize the currently subjective analysis.
The advantages and disadvantages of radial vs area methods of analysis has been much debated. Gelberg et al.5 found area methods to be the best in angiographic analysis of left ventricular wall motion, while others4 have shown radial methods to be the most accurate. With two-dimensional echocardiography Grube et al.'8 found that there was a slight advantage of area methods over radial methods. Parisi et al. 14 found that when a technique using area octants (45 degree subdivisions) was compared with a hemiaxis method in a fixed-axis system, the predictive accuracy was statistically significantly better for the area octants method. However, when this comparison was made to a floating-axis system, the advantage disappeared. We found no difference between area and radial methods in subdivisions up to 45 degrees, although, as would be expected, in the apical and mitral valve views a floating system was optimal and in the papillary view a fixed-reference method was optimal. It is therefore difficult to compare the studies, but our results do not necessarily contradict those of Parisi's group. They also examined radial and area methods at 45 and 90 degree intervals and, as the sampling interval increases beyond a certain point, the radial method must become less sensitive to change than the area method. Sampling radial motion at great intervals could result in missing or masking small degrees of abnormal motion. The area change includes, but averages, motion within the segment. As shown in figure 7, this smoothing of the wall motion curves became evident by the 45 degree subdivisions. Based on our results we recommend the use of 5 to 30 degree sampling intervals for both the radial and area methods.
Reproducibility was excellent for the group as a whole, but in individual cases day-to-day variation was as high as 16% for radial methods and 22% for area methods. The effect of various interventions in individual cases may therefore require an absolute change of at least this magnitude to be interpreted as significant. This day-to-day variation probably reflects a combination of biological and interexamination variability. Pandian et al.'9 examined interexamination variability and found that the average difference in area change in cavity segment between two tracing sessions of the same recording was 20.4%. Moynihan et al. 13 found that interobserver variability of linear measurements ranged from 3.3% to 6.0% and the variability in area measurements ranged from 5.5% to 9.7%. We found no difference in reproducibility with radial and area methods and the variability did not change appreciably with decreasing subdivision for either radial or area methods. However, expressed as a fraction of overall change from day to day, the ratio was lower for area methods compared with for radial methods. Moynihan et al. 13 found the use of area methods more advantageous than that of linear methods in optimizing interobserver reproducibility when the difference between observers was expressed as a fraction of overall change.
Limitations in quantifying left ventricular wall motion by echocardiography. Segmental wall motion abnormalities may occur early in systole and may be missed if only end-systolic and end-diastolic ventricular outlines are compared.21 This might explain the discrepancies in a few of our patients between wall motion assessed by trained observers (qualitative) and by the computerized (quantitative) analysis. In the computerized analysis only end-systole and end-diastole were examined while in qualitative analysis the human eye and brain integrate the wall motion pattern continuously during each contraction and over several cycles. To manually trace every frame in the cardiac cycle, however, is extremely tedious and cannot realistically be done in the clinical setting without capabilities for automated edge detection and tracking.23 The qualitative analysis also subjectively includes regional myocardial 252 thickening, whereas our quantitative system does not use this parameter. 24 Quantitation of myocardial thickening requires excellent epicardial definition.
Another issue is the lack of a gold standard when quantitative analysis of wall motion determined by two-dimensional echocardiography is compared with that either by qualitative analysis of wall motion by echocardiography or by techniques such as angiography, electrocardiography, etc. We chose to compare values from patients and normal subjects primarily with previously established normal confidence intervals. When echocardiographic left ventricular views are compared with standard angiographic views, there is no perfect correspondence of cardiac segments. 25 The angiographic right anterior oblique projection may correspond best to an echocardiographic apical two-chamber view,26 but this latter view was not recorded since it is difficult to standardize per se. Correlation with electrocardiographic results also presents problems. Horan et al. 27 have shown only a maximum 80% overall correlation between the presence or absence of Q waves of greater than 0.03 sec duration on the electrocardiogram and the postmortem ventricular anatomy. Roberts et al.', in an editorial review, emphasized the difficulties in reliably sorting out isolated anterior wall from anterolateral or anteroseptal infarcts and posterolateral from posteroseptal or isolated posterior wall infarcts. In addition the electrocardiogram is unreliable in predicting whether an infarct involves the basal or apical portion of the left ventricle.
Another concern is the resolution of the echocardiographic image with present commercial sector scanners. Frequently a small portion of the cardiac outline is missing from the image or there is diffuse interference from the lungs. Although we selected our patients for this study only if their echocardiograms were of good quality, and endocardial borders of the echocardiograms were carefully traced, there are still some limitations associated with target identification by two-dimensional echocardiography.
A large number of reference methods for left ventricular wall motion analysis by two-dimensional echocardiography have been tested. We have established criteria for selection of optimal measurement systems for each of three different echocardiographic views, evaluated the role of radial vs area analysis methods, and established the degree of day-to-day variation. We believe the optimal method for each view has been chosen objectively, has adequate sensitivity and specificity for clinical application, and is the result of an analysis process that may be used for similar comparison of other methods in the future. COMB  COMB  ES  ED  ED  ES  COMB  COMB  COMB  COMB  COMB  COMB  COMB  COMB  ES  ES  ES  ES  ED  ED  ED  ED  ES  ES  ES  ES  ED  ED  ED  ED   II  (point on  outline Method No.   2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44   - 
